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Skeletal muscle is the major tissue of glucose consumption and clearance, and, as such, insulin resistance in this organ is believed to be a key mediator of type 2 diabetes pathogenesis 1 . Ectopic lipid accumulation in muscles can cause insulin resistance by activating cytosolic kinase cascades that disrupt molecular insulin signaling, a process referred to as lipotoxicity 2 . However, endurance athletes have higher intramuscular lipid contents associated with higher insulin sensitivity-a phenomenon known as the 'athlete's paradox' 3 -suggesting that how the muscle handles lipid storage is more important than the lipid content itself. In addition, muscle-specific knockout of the insulin receptor does not increase blood glucose levels despite causing severe muscle insulin resistance 4, 5 , suggesting that disruption of cytosolic insulin signaling in muscle may not be sufficient to cause systemic glucose intolerance.
Mitochondrial dysfunction as a cause of muscle insulin resistance is debated. Reduced skeletal muscle mitochondrial content and impaired mitochondrial oxidative function correlate with type 2 diabetes, leading to speculation that mitochondrial dysfunction underlies insulin resistance. However, depletion of genes involved in mitochondrial oxidative phosphorylation (OXPHOS) in the muscle actually improves glucose tolerance and insulin sensitivity, presumably through adaptive enhancement of glucose utilization [6] [7] [8] [9] . These results do not support muscle mitochondrial deficiency as the root cause of type 2 diabetes, although such severe genetic mitochondrial dysfunction in animal models is different from the relatively mild, acquired impairments in mitochondrial function that occur in humans. The reciprocal competition between glucose and lipid for muscle fuel sources is known as the Randle cycle and probably involves mechanisms beyond the allosteric enzymatic regulation originally defined by Randle 10, 11 . An emerging paradigm is that metabolic inflexibility, caused by nutrient overload and heightened fuel competition, prevents efficient utilization of any fuel and leads to accumulation of toxic intermediates and insulin resistance 12, 13 . Reduced mitochondrial activity in this model is acquired and contributes to type 2 diabetes, although it is not the root cause.
Metabolism is intrinsically rhythmic. Circadian behaviors of feeding-fasting and activity-sleep are controlled by the central circadian clock in the brain, which is entrained by light. Meanwhile, transcription of many metabolic genes shows robust oscillation in peripheral tissues such as liver and skeletal muscle 14 . This circadian rhythm is dictated mainly by the molecular clock within peripheral tissues 15 . Misalignment of the peripheral circadian clock and feeding behavior underlies the pathogenesis of diabetes in animal models 16 . The core molecular clock is composed of several transcription factors and coregulators 17 . The nuclear receptors Rev-erbα and Rev-erbβ key components of the molecular clock, repress gene transcription Type 2 diabetes and insulin resistance are associated with reduced glucose utilization in the muscle and poor exercise performance. Here we find that depletion of the epigenome modifier histone deacetylase 3 (HDAC3) specifically in skeletal muscle causes severe systemic insulin resistance in mice but markedly enhances endurance and resistance to muscle fatigue, despite reducing muscle force. This seemingly paradoxical phenotype is due to lower glucose utilization and greater lipid oxidation in HDAC3-depleted muscles, a fuel switch caused by the activation of anaplerotic reactions driven by AMP deaminase 3 (Ampd3) and catabolism of branched-chain amino acids. These findings highlight the pivotal role of amino acid catabolism in muscle fatigue and type 2 diabetes pathogenesis. Further, as genome occupancy of HDAC3 in skeletal muscle is controlled by the circadian clock, these results delineate an epigenomic regulatory mechanism through which the circadian clock governs skeletal muscle bioenergetics. These findings suggest that physical exercise at certain times of the day or pharmacological targeting of HDAC3 could potentially be harnessed to alter systemic fuel metabolism and exercise performance. a r t i c l e s 2 2 4 VOLUME 23 | NUMBER 2 | FEBRUARY 2017 nature medicine by recruiting nuclear receptor corepressors (NCORs) and HDAC3 (ref. 18 ). HDAC3 and Rev-erb orchestrate epigenomic circadian rhythm in liver, which coordinates reciprocal competition of lipogenesis and gluconeogenesis [19] [20] [21] . How the circadian clock in skeletal muscle regulates fuel catabolism remains largely unexplored 22, 23 .
As the primary site of the gene-environment interaction, epigenomic regulation of gene expression is increasingly recognized as a key component in type 2 diabetes pathogenesis 24 . Histone acetylation (and deacetylation) is a major epigenomic modification that is dictated by acetyltransferases and deacetylases. Distinct partnership with different corepressor complexes determines the functional nonredundancy between HDAC3 and other zinc-dependent class I, II and IV HDACs. Class IIa HDACs (HDAC4, HDAC5, HDAC7 and HDAC9) also associate with the NCOR complex but have no intrinsic enzymatic activity 25 ; as a result, their enzymatic activity is dependent on HDAC3 (ref. 26) . Class IIa HDACs have important roles in development and muscle remodeling 27 . However, how zincdependent HDACs regulate muscle fuel metabolism has not been addressed in vivo. In this study we examined the metabolic role of HDAC3 in skeletal muscle.
RESULTS

HDAC3 depletion decreases muscle insulin sensitivity and glucose utilization
Mice with skeletal-muscle-specific knockout of Hdac3 (HDAC3-SkMKO) were generated by breeding mice bearing a loxP-flanked Hdac3 (Hdac3 loxP/loxP ) with mice expressing Cre from the myosin light chain 1f promoter (MLC-Cre) 28 . Hdac3 loxp/loxP (WT) or Hdac3 loxP/+ MLC-Cre littermates were used as controls. HDAC3-SkMKO mice were born at a normal Mendelian ratio and did not show obvious abnormal phenotypes. Western blot and RT-qPCR analysis confirmed efficient depletion of HDAC3 in multiple skeletal muscles but not in heart or liver ( Fig. 1a and Supplementary Fig. 1a ). Compared to WT mice, HDAC3-SkMKO mice showed mildly elevated basal insulin levels without changes in basal blood glucose levels (Fig. 1b) , which led to a higher index of insulin resistance measured by homeostatic model assessment (HOMA-IR) (Supplementary Fig. 1b ). This was confirmed by a blunted insulin response in insulin tolerance tests (ITTs) (Fig. 1c) , which led to significant glucose intolerance without changes in body weight or composition relative to WT mice (Fig. 1d,e and Supplementary Fig. 1c) . A hyperinsulinemic-euglycemic clamp analysis revealed a notably lower glucose infusion rate (GIR) and rate of disposition (Rd) in HDAC3-SkMKO mice than in WT mice, demonstrating pronounced systemic insulin resistance (Fig. 1f) . Metabolic tracing with [ 14 C]deoxyglucose showed impaired glucose uptake in skeletal muscle but not white adipose tissue (WAT), and this impairment accounted for the defective glucose clearance in HDAC3-SkMKO mice (Fig. 1g). [ 3 H]glucose tracing showed that endogenous glucose production was higher in HDAC3-SkMKO mice than in WT mice during insulin clamping, demonstrating hepatic insulin resistance that was secondary to altered muscle metabolism (Fig. 1g) . We observed insulin resistance and glucose intolerance in young adult mice of both sexes, regardless of whether they were fed normal chow or a high-fat diet (Supplementary Fig. 1d ). Total diacylglycerols, ceramides and triglycerides were unaltered in HDAC3-SkMKO mice (Fig. 1h,i) , although some species of free fatty acids were slightly more abundant in muscle from HDAC3-SkMKO mice (HDAC3-depleted muscle) than in WT ( Supplementary  Fig. 1e ). Expression of inflammation-index genes remained unaltered (Supplementary Fig. 1f ). Molecular insulin signaling was not impaired in HDAC3-depleted muscles, as compared to WT, upon persistent hyperinsulinemia (Supplementary Fig. 1g ) or bolus insulin injection (Fig. 1j,k) . These results demonstrate that the lower glucose uptake in HDAC3-depleted muscle is not due to lipotoxicity or impaired cytosolic insulin signaling.
Exercise induces muscle glucose uptake through a different mechanism from that mediated by insulin signaling. To address whether HDAC3 depletion alters exercise-induced glucose utilization, we intravenously infused mice with glucose labeled at all six carbons with 13 C ([U-13 C]glucose) at a constant rate for 2.5 h while the mice were running on a treadmill (Supplementary Fig. 2a) . Upon tissue harvest, isotope labeling of glycolysis and tricarboxylic acid (TCA) cycle intermediates in quadriceps muscles were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Supplementary Table 1 ). Compared to WT mice, HDAC3-SkMKO mice showed a lower percentage of labeled glucose-6-phosphate in muscle, despite greater labeling of its precursor, blood glucose (Fig. 2a) , demonstrating a defect in exercise-induced glucose uptake. HDAC3-depleted muscles also showed lower labeling of glycolytic intermediates, including fructose-1,6-phosphate, dihydroxyacetone phosphate, 3-phosphoglycerate, glycerol-3-phosphate, lactate and pyruvate (Fig. 2b,c) . This demonstrated reduced utilization of circulating glucose in HDAC3-SkMKO mice compared to WT mice during exercise (Fig. 2d) . Compared to glycolytic intermediates, HDAC3-depleted muscles showed a more similar labeling pattern to that of WT in TCA intermediates citrate, succinate and malate (Fig. 2e) . The C2-versus C4-labeled TCA intermediates were not substantially changed (Supplementary Table 1 ). Considering lower pyruvate labeling, these data suggest simultaneous increases in anaplerosis and TCA cycling in HDAC3-depleted muscles compared to WT. In contrast to the TCA intermediates, aspartate showed notably lower labeling in HDAC3-SkMKO than WT mice (Fig. 2e) . This suggests a lower net cataplerotic flux from TCA intermediates to aspartate synthesis and, therefore, a more predominant reverse flux of amino acid catabolism as anaplerotic reactions in HDAC3-depleted muscles. Total amounts of detected metabolites were unaltered except glutamate, which was higher, and aspartate, which was lower in HDAC3-depleted muscle than in WT, which further supports higher aspartate catabolism (Supplementary Table 1 ). Taken together, these results indicate that HDAC3 deletion reduces muscle glucose uptake and utilization during muscle contraction.
HDAC3 depletion enhances exercise endurance and oxidative metabolism Glucose is a major fuel for muscle, and reduced glucose utilization during contraction would predict impaired exercise endurance. We assessed this in mice using a treadmill equipped with electronic shock grids. Mice that failed to keep up with the treadmill received electronic shocks, which thus serve as a measurement of endurance. The speed of treadmill increased gradually from 0 to 14 m/min (Fig. 2f) . HDAC3-SkMKO mice received fewer shocks during running than WT mice (Fig. 2f) and ran farther before reaching exhaustion, defined as the point at which a mouse has received a total of 50 shocks (Fig. 2g) . This enhanced exercise endurance was also observed in younger mice and in female mice (Supplementary Fig. 2b ). Consistent with this in vivo finding, extensor digitorum longus (EDL) muscles isolated from HDAC3-SkMKO mice showed a slower rate of force dropping than WT mice when subjected to repeated field electric stimulations in an ex vivo test 29 (Fig. 2h) , indicating enhanced fatigue resistance. In addition, HDAC3-depleted muscles recovered more quickly from fatigue than WT (Fig. 2i) . These data suggest that intrinsic changes in muscles, rather than endocrine or neural factors, underlie the exercise endurance. Despite enhanced fatigue resistance and recovery, HDAC3-depleted muscles generated less force than WT muscles (Supplementary Fig. 2c) , suggesting a trade-off between muscle strength and fatigue resistance.
We were intrigued by the concurrence of defective glucose uptake and superior endurance. One possible explanation is altered composition of muscle fiber types. Skeletal muscles are composed of slow-contracting, fatigue-resistant, oxidative fibers (type I) and fast-contracting, fatigue-prone, glycolytic fibers (type IIb) as well as 30, 31 . The molecular determinant of the fiber type is the expression of myosin heavy chain (MHC) isoforms. MHC isoform-specific immunostaining and western blot analysis of HDAC3-depleted skeletal muscles did not reveal obvious changes in fiber type composition ( Fig. 2j and Supplementary  Fig. 2d ,e). RT-qPCR and proteomics analysis did not identify obvious changes in expression of MHC isoforms except MHC-IIb, which showed a moderate decrease in HDAC3-depleted gastrocnemius compared to WT (Supplementary Fig. 2f,g ). Succinate dehydrogenase staining also failed to identify obvious changes (Supplementary Fig. 2h ). These results suggest that changes in fiber type are very limited and unlikely to account for increased endurance in HDAC3-SkMKO mice. Another possible explanation for fatigue resistance is enhanced mitochondrial oxidative bioenergetics. Mitochondrial DNA copy number was higher in HDAC3-depleted muscles than in WT (Supplementary Fig. 3a ), but mitochondrial protein content was unaltered for OXPHOS ( Fig. 2k) and translocase TIM23 complexes (Supplementary Fig. 3b ). Electron microscopy did not reveal obvious morphological changes in mitochondria (Supplementary Fig. 3c ). Despite the absence of structural changes, mitochondrial respiration rate was higher in differentiated C2C12 (ATCC CRL-1772) myotubes cultured in medium containing amino acids after depletion of HDAC3 with adenovirus-mediated CRISPR constructs (Fig. 2l) , indicating cell-autonomous enhancement of bioenergetics and increase in oxidative capacity. These data suggest that HDAC3 depletion enhances mitochondrial oxidative capacity without altering mitochondrial structure.
HDAC3 controls muscle fuel preference and amino acid catabolism To address the mechanism through which HDAC3 depletion enhances mitochondrial oxidative capacity, we asked what the fuel source is for HDAC3-depleted muscles to sustain superior endurance. Given the defective glucose uptake, the major fuel(s) for increased muscle endurance could include glycogen or lipid. Indirect calorimetry analysis of mice running on a treadmill showed that HDAC3-SkMKO mice had a lower respiratory exchange ratio (RER) than WT mice, suggesting a preference toward lipid oxidation (Fig. 3a,b) . Although muscle triglycerides were not changed in HDAC3-depleted muscles compared to WT (Supplementary Fig. 4a ), we observed higher muscle glycogen and lower blood lactate levels in HDAC3-SkMKO mice than in WT mice after exercise, suggesting that endogenous carbohydrate is unlikely to be the preferred fuel source for improved muscle endurance (Fig. 3c,d ). HDAC3-SkMKO mice also showed lower blood ketone levels and lower liver triglycerides (Fig. 3e,f) , further supporting the idea that HDAC3-depleted muscles develop a fuel preference for lipids and therefore consume more lipid or ketone bodies under fasting conditions. To directly measure lipid oxidation, we injected a bolus of [ 3 H]palmitate intraperitoneally in resting and exercising mice, obtained blood after 20 min and measured the end product [ 3 H]H 2 O. HDAC3-SkMKO mice showed a higher degree of fatty acid oxidation (FAO) than WT mice (Fig. 3g) . To further address whether this was cell autonomous, we adapted an in vitro exercise model 32 . We used electric pulse stimulation (EPS) and adenovirus to induce contraction and gene knockdown, respectively, in fully differentiated C2C12 myotubes. EPS contraction and adenoviral treatment did not cause cell toxicity or de-differentiation ( Supplementary Fig. 4b,c) . HDAC3 knockdown dramatically increased basal and contractioninduced FAO, as compared to infection with a control adenovirus (Fig. 3h) . However, glucose uptake was inhibited by HDAC3 knockdown, as measured by [ 3 H]deoxyglucose (Fig. 3i) . This indicates that HDAC3 regulates fuel preference in a myocyte-autonomous manner. We observed minimal changes in expression of several well-studied genes in glucose transport, FAO, the TCA cycle and oxidative phosphorylation, including PGC1 (Supplementary Fig. 4d,e) . GLUT4 protein abundance and activity of AMP-activated protein kinase (AMPK) and phosphorylation of its substrate HSL were also unaltered between HDAC3-depleted and WT muscles ( Supplementary  Fig. 4f ). These data suggest that the enhanced oxidative bioenergetics in HDAC3-depleted muscle are probably not due to direct regulation of genes involved in FAO.
To further elucidate the underlying mechanism of enhanced oxidative bioenergetics, we integrated metabolomics, transcriptomics and proteomics approaches. A metabolomics study identified that the metabolites most altered in HDAC3-depleted muscles, as compared to WT muscles, were amino acids (Fig. 3j) . Aspartate, proline, histidine and BCAAs were less abundant in HDAC3-depleted muscles than in WT (Fig. 3k) . RNA-seq and nano-LC-MS/MS proteomics identified many differentially expressed genes and proteins ( Fig. 3l and Supplementary Tables 2 and 3) . Here again the overlapping targets comprised predominantly enzymes involved in amino acid catabolism (Fig. 3m) . Key enzymes in amino acid catabolism were upregulated upon HDAC3 deletion, at both the mRNA and the protein level (Fig. 4a) . The most highly upregulated gene encodes Ampd3, which catalyzes the first and rate-limiting step of the purine nucleotide cycle (PNC), an anaplerotic reaction in skeletal muscles.
Anaplerotic amino acid catabolism promotes lipid oxidation
When AMP level is high in muscles during exercise, the PNC consumes aspartate and connects BCAA catabolism to the TCA cycle, which creates an anaplerotic reaction that increases TCA flux and oxidative capacity for acetyl-CoA, the end product of FAO (Fig. 4b) . Another anaplerotic reaction is driven by catabolism of BCAAs through BCAT2, DBT (the E2 component of the branchedchain α-keto acid dehydrogenase complex), IVD and ECHS1, which leads to production of succinyl-CoA. These anaplerotic reactions, combined with upregulation of isocitrate dehydrogenase and several genes involved in acyl-CoA metabolism, could explain the enhanced mitochondrial oxidative metabolism in HDAC3-depleted muscle. Low expression of glycolytic genes in HDAC3-depleted muscle ( Fig. 4b and Supplementary Fig. 5a ) together with enhanced oxidative metabolism could thus account for the fuel preference switch. Glutamate generated from BCAA catabolism can be released into circulation as alanine or glutamine, both of which can serve as gluconeogenic precursors in liver or kidney, and this could explain why HDAC3-SkMKO mice showed higher endogenous glucose production than WT mice in insulin clamp experiments (Fig. 1g) .
In support of the conclusions from our 'omics' studies, the kinetic flux of amino acid catabolism, measured with [ 3 H]aspartate, was markedly upregulated in HDAC3-SkMKO mice as compared to WT mice (Fig. 4c) . HDAC3-SkMKO mice also showed higher concentrations of ammonia in urine, consistent with enhanced amino acid catabolism in vivo (Fig. 4d) . Given the enzymes altered in the metabolic pathway (Fig. 4b) , we predicted enhanced catabolism of fatty acids, proteins and amino acids as well as associated amino acid release from HDAC3-depleted muscle. This prediction was supported by higher levels of muscle glutamate (an intermediate between amino acid catabolism and excretion), serum alanine and muscle acetyl-CoA during exercise in HDAC3-SkMKO mice than in WT mice (Fig. 4e) . Regulation of amino acid catabolism by HDAC3 was cell autonomous, as it was increased in cultured myotubes upon acute depletion of HDAC3 (Fig. 4f) . Overexpression of Ampd3 to a similar level as that observed in HDAC3-depleted myotubes was sufficient to cause such flux change, demonstrating that PNC is the major driver of aspartate catabolism ( Fig. 4f and Supplementary Fig. 5b ). We also predicted that persistent amino acid catabolism could increase muscle protein breakdown and lead to loss of muscle mass over time, even with the large protein synthesis capacity. Indeed, HDAC3-SkMKO mice lost more muscle mass with age than WT mice (Supplementary Fig. 5c,d) . However, insulin resistance and exercise endurance phenotypes were fully developed before any significant changes in muscle mass occurred, suggesting that the metabolic change causes, rather than results from, a change in muscle mass. Taken together, these in vivo omics studies and in vivo and in vitro tracing studies identify amino acid catabolism as a major process directly suppressed by HDAC3. Can enhanced amino acid catabolism explain the fuel switch in HDAC3-depleted muscles? Overexpression of Ampd3 to a level similar to that observed with HDAC3 depletion reduced glucose uptake in differentiated myotubes, as compared to cells expressing GFP control ( Fig. 4g and Supplementary Fig. 5b ), suggesting that enhanced PNC and amino acid catabolism has a glucose-sparing effect. Notably, FAO (Fig. 4h) and mitochondrial oxygen consumption rate were increased after overexpression of Ampd3, relative to overexpression of GFP control (Fig. 4i) , indicating that anaplerotic PNC and the associated BCAA catabolism is sufficient to induce enhanced mitochondrial oxidative capacity and lipid preference. To address the requirement of PNC in fatigue resistance, we used adenine deaminase inhibitor deoxycoformycin (DCF) in an ex vivo contraction analysis. HDAC3-depleted EDL muscles retained a higher percentage of force during repetitive fatigue-inducing contractions than WT muscles (Fig. 2h) . This difference in fatigue resistance was diminished in the presence of DCF (Fig. 4j) when all other factors, including mouse age, sex and experimental procedures, were unchanged. DCF did not affect the showing HDAC3 ChIP-seq at ZT10 and ZT22 in WT muscles as well as RNA-seq and GRO-seq in WT and KO muscles at ZT10. The same scales were used for each type of experiment.
differences in muscle force between WT and HDAC3-SkMKO mice (Supplementary Fig. 5e ). These data indicate that Ampd3 and the anaplerotic PNC reaction are required for the fatigue resistance of HDAC3-depleted muscles. Taken together, these results suggest that increased BCAA catabolism in combination with anaplerotic reactions drives the fuel preference for lipid over glucose.
HDAC3 couples circadian clock with muscle fuel preference
How is HDAC3 itself regulated? Our previous studies showed that the majority of HDAC3 DNA-binding events in liver occur in late afternoon 19, 21 . To address where HDAC3 binds in the muscle genome, we performed HDAC3 chromatin immunoprecipitation sequencing (ChIP-seq) in muscles at zeitgeber time 10 (ZT10, late afternoon) and ZT22 (early morning). Notably, as in liver, HDAC3 in muscle showed a clear time-dependent binding pattern, with most binding occurring at ZT10 (Fig. 5a) . ZT10-specific binding sites or overlapping sites were highly enriched in metabolic genes, whereas ZT22-specific binding sites were not (Fig. 5b) . The top enriched motif at ZT10-specific sites was the binding site for nuclear receptor Rev-erb and RAR-related orphan receptor (ROR), key components of the circadian clock (Fig. 5c) . This suggests that HDAC3 is regulated by the muscle circadian clock. A drawback of cross-linking-based assays such as ChIP is that they do not distinguish functional from nonfunctional binding. Gene transcription is initiated by enhancers looping to transcriptional start sites (TSS), followed by recruitment of transcription initiation complexes containing RNA polymerase, which generates RNAs from both gene bodies and enhancers. Whereas transcripts at gene bodies undergo productive elongation, bidirectional transcripts from the enhancers (eRNA) are short and transient but are detectable by global nuclear run-on assay (GRO-seq). eRNAs are superior markers of active enhancers because of their small size, high dynamic range and tight correlation with the expression of their target genes 33 . Using GRO-seq and RNA-seq, we found that nascent transcription changes at gene bodies correlated well with mature mRNA changes upon HDAC3 depletion (Fig. 5d) , suggesting that changes in transcription initiation underlie changes in gene expression. HDAC3 binding was stronger at eRNA sites that were upregulated in HDAC3-depleted muscle than at sites that were unchanged or downregulated in comparison to WT muscle, and this difference was more pronounced at ZT10 than at ZT22 (Fig. 5e) . This suggests that ZT10-specific binding contributes to gene repression, consistent with the primary role of Rev-erb as transcription repressor and its high expression at ZT10. The motif most enriched with upregulated enhancers was the binding site of Rev-erb (Fig. 5f) . In contrast, downregulated eRNAs were enriched in other motifs with much lower P values (Fig. 5f) . Many upregulated genes were bound in a circadian fashion by HDAC3 at TSS or upregulated eRNA sites that contain Rev-erb motifs (Fig. 5g) . These nonbiased analyses of the transcriptome and cistrome suggest that Rev-erb recruits HDAC3 at ZT10 to enhancers, where HDAC3 represses nearby metabolic genes in skeletal muscle.
Compared to random genes, HDAC3 target genes identified in our RNA-seq and ChIP-seq analyses were more likely to show circadian expression as determined in previous studies 14 (Fig. 6a) . Conversely, genes that showed greater rhythmicity of expression were more enriched with HDAC3 target genes (Fig. 6b) . ChIP-qPCR further confirmed the circadian binding pattern of HDAC3 on key genes involved in amino acid catabolism and glucose uptake (Fig. 6c) . Although its expression levels remained constant, HDAC3 binding on the genome peaked at ZT10, in phase with the maximum protein level of Rev-erbα (Fig. 6d) , and was significantly lower in muscle from mice lacking Rev-erbα (Rev-erbα KO mice) 19 than from WT mice (Fig. 6e) , indicating that Rev-erbα is required for maximum genomic recruitment of HDAC3. Residual HDAC3 binding in the absence of Rev-erbα could be attributed to Rev-erbβ and other transcription factors. Ampd3 and several genes involved in BCAA catabolism were upregulated in Rev-erbα KO muscles, further supporting a pivotal role of Rev-erb in HDAC3-mediated gene repression (Fig. 6f) .
In addition, expression of key metabolic genes regulated by HDAC3 showed a clear circadian pattern of expression in WT muscle, with pre-mRNA elevated shortly after HDAC3 was released from the chromatin at ZT22 (Fig. 6g) . Protein and mRNA levels peaked at later time points (Fig. 6g,h ). This circadian pattern was replaced by constant high expression in HDAC3-SkMKO mice (Fig. 6h) , although circadian locomotor activities were not affected (Supplementary Fig. 6 ).
Collectively, these data establish HDAC3 as a transcriptional regulator that couples circadian cues with muscle fuel metabolism.
DISCUSSION
Our results delineate an intricate regulatory network through which the circadian clock governs intermediary metabolism and bioenergetics in skeletal muscle (Fig. 6i) . In nocturnal animals, before dawn, the muscle circadian clock anticipates the upcoming fasting period and clears HDAC3 from several metabolic genes through the change of Rev-erb protein expression. This activates amino acid catabolism and anaplerotic reactions, which increases mitochondrial oxidative capacity, enhances lipid oxidation and inhibits glucose utilization. At the same time, the absence of HDAC3 suppresses genes that are involved in glycolysis. Together, these mechanisms reserve glucose for utilization by brain or red blood cells. Breakdown of muscle amino acids and proteins provides precursors for gluconeogenesis in liver or kidney, which helps maintain blood glucose levels during the fasting cycle. Before dusk, elevated Rev-erb expression leads to recruitment of HDAC3 to the genome, which prepares the muscle to utilize glucose in cooperation with systemic assimilation of carbohydrates into protein or lipid during the feeding cycle.
Insulin resistance and reduced glucose utilization in HDAC3-SkMKO mice is a combined outcome of at least three factors: (i) carbohydrate-sparing effects of enhanced amino acid catabolism and lipid oxidation at the level of substrate competition, (ii) increased gluconeogenesis in liver or kidney due to increases in gluconeogenic precursors from muscle amino acid catabolism and (iii) inhibition of muscle glucose uptake and glycolysis through regulated expression of several genes involved in carbohydrate metabolism, such as Tbc1d4, a negative regulator of GLUT4 translocation. HDAC3-depleted muscles do not show dramatic changes in lipid content or molecular insulin signaling, suggesting that the physiological insulin resistance is not due to lipotoxicity or disruption of insulin signaling. Enhanced oxidative metabolism in HDAC3-depleted muscles also challenges the idea that mitochondrial deficiency is a contributor to its insulin resistance.
The increase in oxidative metabolism and reciprocal decrease in glucose utilization are in keeping with the idea that mitochondrial fuel inflexibility causes physiological insulin resistance 12, 13 . In addition, our study highlights several underappreciated concepts regarding the molecular mechanisms that coordinate fuel competition in muscle. First mitochondrial pathway usage-i.e., relative flux rates across different catabolic pathways-rather than mitochondrial content or muscle fiber composition can contribute to metabolic remodeling. Second, metabolism of different fuels can be oppositely and simultaneously controlled at the level of gene expression by one factor. Third, mitochondrial fuel preference not only passively responds to feeding behavior but also anticipates fuel availability from cues provided by the circadian clock.
Under normal physiological conditions, the anticipatory regulation conferred by HDAC3 can go hand in hand with responsive mechanisms, such as those mediated by PPARα and its coactivator PGC1α. In response to fasting, PPARα senses lipid influx from adipose lipolysis and activates FAO in muscles. This coincides with inhibition of glucose uptake and activation of amino acid catabolism due to clearance of HDAC3 from the genome. Overexpression PPARα or PGC1α increases FAO but decreases glucose utilization and causes insulin resistance [34] [35] [36] [37] [38] [39] . There is a clear segregation of downstream target genes between PPARα-PGC1α and Rev-erb-HDAC3 signaling. The former upregulates FAO and OXPHOS genes, and the latter regulates amino acid catabolism and carbohydrate metabolism. Overexpression of PPARα or PGC1α disrupts insulin signaling owing to incomplete oxidation and lipotoxicity (because lipid uptake exceeds lipid oxidation), whereas HDAC3 depletion does not disrupt upstream insulin signaling. Clearance of HDAC3 from the genome occurs immediately before fasting, whereas PPARα activation occurs during late fasting, when lipolysis dominates over glycogenolysis. Thus, the anticipatory and responsive regulations are mechanistically distinct but temporally connected. Together, they coordinate catabolism of different fuels by skeletal muscles in normal circadian physiology.
The Rev-erb motif was the top hit in HDAC3 binding sites (in the ChIP-seq analysis) and activated enhancer regions (in the GRO-seq analysis). This pinpoints Rev-erb as a major contributor to HDAC3 binding in muscles, which is further supported by the decrease in HDAC3 binding on key metabolic genes in muscle from Rev-erbα KO mice. We do not suggest that Rev-erb is the only transcription factor that regulates HDAC3 in muscles. On the contrary, our epigenomic profiling identified several other transcription factors that are also likely to have a role. Circadian feeding cycles could contribute to the rhythmic binding pattern of HDAC3 in muscle, as peripheral circadian clocks are entrained by feeding. HDAC3 is dispensable for the circadian clock itself and serves as an output arm of the clock in regulation of metabolic genes 40 . This is further supported by RNA-seq results showing that expression of most core clock genes remains unaltered in HDAC3-depleted muscles. We found here that voluntary wheel-running activity was not changed by muscle-specific manipulation of HDAC3. Notably, Rev-erbα KO mice show reduced mitochondrial content and oxidative capacity in muscle 41 . It is possible that other transcription factors interact with HDAC3 and account for the different phenotypes. It is also possible that the nearly 90% reduction in voluntary locomotor activity in whole-body Rev-erbα KO mice could lead to disuse-induced deterioration of muscle function. The physiological changes in HDAC3-depleted muscles are overall consistent with those from muscle-specific knockout of NCOR1 (ref. 42) , although that mouse model does not show glucose intolerance but instead shows altered expression of mitochondrial OXPHOS genes. It is possible that NCOR2 could partially compensate for loss of NCOR1 or oppose NCOR1 function. RORα KO mice have the opposite metabolic phenotype to that of HDAC3-SkMKO mice, with improved systemic glucose tolerance 43 . This is consistent with RORs being antiphase with Rev-erb-HDAC3 in the molecular clock machinery. However, RORα KO muscles show altered GLUT4 expression, whereas HDAC3-SkMKO muscles do not, suggesting that RORα regulates molecular output signaling that is independent of HDAC3. It is likely that different components of the core clock dictate distinct output signals that regulate different aspects of metabolism.
Altered amino acid catabolism in HDAC3-SkMKO mice has a central role in increasing lipid oxidation and enhancing exercise endurance. This is supported by several observations: (i) activation of amino acid catabolism by overexpression of the PNC rate-limiting enzyme Ampd3 was sufficient to increase FAO flux and mitochondrial respiratory capacity; (ii) inhibition of AMP deaminase masked the muscle fatigue resistance phenotype in ex vivo muscle contraction studies; and (iii) transcriptomic analysis did not identify changes in major FAO-associated genes, so there is no alternative or direct explanation for increased FAO flux. The endurance phenotype in HDAC3-SkMKO mice was characterized using a low-intensity exercise protocol. Higherintensity exercise requires greater carbohydrate utilization and could lead to decreased exercise tolerance in HDAC3-SkMKO mice. More vigorous exercise is also more demanding on muscle strength, which is compromised in HDAC3-depleted muscles. The perturbed force production in HDAC3-depleted muscles could be due to disrupted acetylation of nonhistone proteins involved in contraction 44 .
The concept of anaplerosis was raised in the 1960s, and amino acid catabolism is a major source for anaplerotic reactions for the TCA cycle during muscle contractions 45, 46 . PNC is an important component in connecting protein and BCAA catabolism to the TCA 47 . Although anaplerosis originally referred to increases in the pool size (absolute levels) of TCA intermediates, anaplerotic flux rate is now understood to be more important than absolute pool size in sustaining TCA cycle flux and oxidative metabolism 48 . Genetic alterations of BCAA catabolism and PNC affect exercise endurance in both mice and humans [49] [50] [51] [52] . Selectively bred rodents with high running capacity burn more lipid than control animals during low-intensity exercise, which is associated with enhanced BCAA catabolism 53, 54 . These studies and the present study suggest that amino acid catabolism could be a general mechanism that facilitates FAO. Our study further shows that this process is under delicate circadian regulation at the level of gene expression. Given the temporal insight from our study, lowintensity exercise at night coupled with nighttime fasting could be an efficient way to burn lipid for the purpose of losing body fat.
Although amino acid catabolism can facilitate lipid oxidation, its overactivation impairs glucose utilization. High BCAA levels are strongly associated with type 2 diabetes. It is unclear whether defective BCAA catabolism per se causes insulin resistance. The body consumes BCAAs during fasting and burns glucose when feeding. Such temporal segregation argues against the dependence of glucose utilization on BCAA catabolism. In addition, genetic disruption of BCAA catabolism ameliorates, rather than exacerbates, insulin resistance in animal models 55, 56 . The elevated BCAAs observed in patients with type 2 diabetes is most likely to be an outcome of nutrient overload and could contribute to repression of glucose utilization through fuel competition, either directly or by facilitating fat entry or burning in muscle 57 .
The paradoxical concurrence of superior exercise endurance and muscle insulin resistance in HDAC3-SkMKO mice challenges the common belief that muscle's ability to utilize carbohydrates underlies its exercise endurance. Carbohydrate loading is widely practiced and recommended as a way to improve endurance exercise performance 58 . This view does not make evolutionary sense, as it was the invention of agriculture that made sustained supply of carbohydrates possible 59 . Inuit people in the Arctic get most of their energy from lipid and protein without compromised exercise endurance. In recognition that lipid is a better fuel for endurance exercise owing to its high calorie-to-mass ratio, ketogenic diets have been used, with some success, to increase exercise endurance by nudging muscles toward burning more lipid 60 . Identification of HDAC3 as a pivotal regulator of exercise endurance and the availability of small-molecule HDAC inhibitors make it possible to increase endurance through a combination of pharmacological and dietary interventions. In summary, enhancing mitochondrial oxidative capacity could lead to physiological insulin resistance, and blocking muscle metabolic flexibility could benefit exercise endurance. These seemingly counterintuitive phenomena can be readily unified by considering the rhythmic nature of muscle fuel metabolism.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
